INTRODUCTION

CRISPR (Clustered regularly interspaced short palindromic repeats)-Cas
(CRISPR-associated) systems were originally found as natural genome defense systems that possessed adaptive immunity against virus and plasmid in bacteria and archaea (Jansen et al, 2002; Mojica et al, 2005; Bolotin et al, 2005; Pourcel et al, 2005; Barrangou et al, 2007) . Unlike other CRISPR-Cas systems that employ ensembles of Cas proteins to recognize and cleave nucleic acids, the type II CRISPR-Cas system utilizes only one endonuclease, Cas9, to recognize and cleave target DNA (Shmakov et al, 2017) . Streptococcus pyogenes Cas9 (henceforth, Cas9) has been widely used as a powerful genome editing tool ( Mali et al, 2013; Cong et al, 2013) , especially since the first demonstration that Cas9 can be programmed by synthetic single guide RNA (sgRNA) to cleave any specific DNA sequences that are followed by a protospacer-adjacent motif (PAM) sequence (Jinek et al, 2012) . In addition, Cas9 has been applied to visualize, modify and express endogenous target genes Terns & Terns, 2014; Konermann et al, 2014) . The continuously expanding application of Cas9 technologies has stimulated a strong interest in the molecular basis of how Cas9 recognizes and cleaves DNA.
Already, a series of Cas9 crystal structures with and without the sgRNA and target DNA has been solved Nishimasu et al, 2014; Jiang et al, 2016 Jiang et al, , 2015 Anders et al, 2014) . These structural studies demonstrate the multi-domain architecture of Cas9, which mainly consists of a recognition (REC) lobe and a nuclease lobe. The nuclease lobe can be further divided into the HNH, RuvC and PAM-interacting (PI) domains. The crystal structures also revealed sequential rearrangements of the Cas9 domains upon binding to the sgRNA and target DNA. The binding of sgRNA induces a large rotation of the nuclease lobe to convert Cas9 into the active conformation with a central channel, which can accommodate the target DNA. The PI domain recognizes the PAM sequence in the target DNA, leading to the guide:target heteroduplex formation by sgRNA with the complementary strand of the target DNA in the REC lobe Jiang et al, 2016; Anders et al, 2014) . DNA binding induces translocation of the HNH domain and conformational changes in the RuvC domains to cleave the two strands of the target DNA. These domain rearrangements during Cas9 catalytic processes have been further confirmed by bulk FRET measurements .
The above structural studies have revealed the distinct Cas9 domain configurations of the apo, sgRNA-bound and sgRNA/DNA-bound states. However, conformational plasticity and flexibility of Cas9 has been predicted, and additional crystal structures have shown some disordered motifs/domains, suggesting that the domain configurations are flexible in specific conditions Jiang et al, 2016) . Based on crystal structures and bulk FRET measurements, the HNH domain in the sgRNA/DNA-Cas9 ternary complex, in particular, has been predicted to take at least two distinct positions relative to the REC lobe: the DNA-docked position and the DNA-undocked position Jiang et al, 2016; . The transition of the HNH domain from the undocked to docked position is crucial for DNA cleavage, because the active site in the undocked HNH domain locates approximately 30 Å away from the cleavage sites in the complementary DNA strand . Additively, mismatch base pairs in the guide:target heteroduplex hampers the HNH transition , suggesting that flexibility of the HNH domain is closely related with not only DNA cleavage but also DNA recognition. A previous single molecule study has implied conformational flexibility during the DNA binding process (Singh et al, 2016) and molecular dynamics simulations also have shed light on the importance of flexible movements of the Cas9 domain in the sgRNA/DNA binding and recognition (Zheng, 2017) . Thus, flexibility in the Cas9 domain configuration could be an important factor in Cas9 catalytic processes.
Insight on this possibility would be gained from direct experimental evidence of the flexible movements of the Cas9 domains in dynamic and physiological conditions. These conditions could clarify whether the Cas9 domains are flexible even in steady state in the presence or absence of nucleic acids. To address this question, we directly observed the movement between the REC lobe-RuvC, REC lobe-HNH and HNH-RuvC domains using single molecule FRET (smFRET) by labeling the domains with different fluorescent dyes. A subset of Cas9 molecules demonstrated dynamic fluctuations in FRET efficiency, providing strong evidence that the Cas9 domains move in a flexible and reversible manner. Moreover, our measurements revealed the flexible domain movements are dependent on nucleic acids and cations, yielding new insights into the molecular basis of the Cas9 catalytic process.
RESULTS
Experimental setup for single molecule FRET measurements of Cas9.
To directly observe the flexibility of the Cas9 domains at the single molecular level, Cas9 was site-specifically labeled with Cy3 and Cy5 fluorochromes. Using C80L/C574E cysteine-free Cas9, which has activity comparable to wild-type Cas9 , as a starting construct, we introduced three pairs of cysteine residues at D435/E945, S355/S867 and S867/N1054 in Cas9, as done in a previous bulk FRET study . These three FRET constructs were designed to monitor the movements between REC lobe-RuvC (D435C-E945C), REC lobe-HNH (S355C-S867C) and HNH-RuvC (S867C-N1054C), respectively ( Figure 1A -C). The introduced cysteine residues were labeled with Cy3-(donor) and Cy5-(acceptor) maleimide.
Further, the constructs were genetically fused with biotin-carboxyl-carrier-protein (BCCP) at their N-terminus to anchor the Cas9 molecules on the glass surface via avidin-biotin linkage ( Figure 1D ). We first examined whether the FRET constructs retain catalytic activity. All three BCCP-tagged fluorescent Cas9 constructs showed over 90% DNA cleavage activity compared with wild-type Cas9 ( Figure EV1 ), confirming that the Cas9 activity is not substantially affected by the fluorescent labeling and fusion with the BCCP-tag.
We then performed smFRET measurements of the fluorescent Cas9 molecules in nucleic-acid free, sgRNA-bound and sgRNA/DNA-bound conditions under total internal reflection fluorescent microscopy (TIRFM). To ensure the binding states of the Cas9 molecules in each condition, we incubated 0.3 to 1 nM fluorescent Cas9 and 200 nM sgRNA with or without 200 nM target DNA for measurements of the sgRNA-bound and sgRNA/DNA-bound Cas9 molecules. Considering the saturation rate of sgRNA on Cas9 ( Figure EV2 ) and the dissociation constants value (K d ) of 0.8 nM for the target DNA loading into sgRNA-bound Cas9 , we assumed that almost all fluorescent Cas9 molecules were occupied with nucleic acids under our assay conditions. The sgRNA/DNA-bound molecules in our assay should maintain the ternary complex of the sgRNA and cleaved target DNA, because previous studies have demonstrated that Cas9 cleaves the target DNA at a rate higher than 10 min -1 and retains binding with cleaved DNA Jinek et al, 2012; ). The Cas9 molecules were then anchored on the glass surface through BCCP and illuminated with a 532-nm laser under TIRFM. The FRET efficiency of each Cas9 molecule was calculated from the recoded fluorescence intensity of Cy3 and Cy5
( Figure 1E ). After the smFRET measurements, we confirmed that the majority of observed Cas9 molecules labeled with Cy3 and Cy5 showed FRET under any tested condition (Table EV1 ) using the acceptor bleaching method (see Method Details). Thus, we further analyzed the FRET trajectories of Cas9 molecules that showed FRET. and 0.20-0.28 for Cy5, see Method Details). However, the timing and direction of the shifts were completely consistent with the previously proposed Cas9 domain rearrangement model Jinek et al, 2014; Jiang et al, 2015 Jiang et al, , 2016 .
Dynamic rearrangements of Cas9 domains upon nucleic acids binding
Cas9 domains showed highly flexible and reversible movements
Although the overall shifts in the mean FRET efficiency were consistent with the domain rearrangement model Jinek et al, 2014; Jiang et al, 2015 Jiang et al, , 2016 , our measurements also demonstrated that individual showed relatively low fluctuating molecules ( Figure 3D ); however, there is a possibility that we underestimated the fluctuating molecules because, due to the short distance between S867 and N1054 residues , the construct requires a relatively larger domain displacement for the FRET efficiency shift. Thus, it is not appropriate to compare the flexibility of these three domains observed in the three
constructs. Yet, because the percentage of fluctuating molecules of all three constructs highly depended on the binding state of Cas9, we conclude that the nucleic acids bindings regulate the flexibility of these three Cas9 domains. at the cleavage site of the target strand Jiang et al, 2016) . Since
Cas9 require magnesium ions for DNA cleavage (Jinek et al, 2012) , in the absence of magnesium ions Cas9 can be trapped in the pre-cleavage state with sgRNA and DNA.
In the absence of magnesium ions, the peak values of the FRET efficiency were ~0. 
DISCUSSION
The purpose of the present study is to investigate whether Cas9 has a flexible structure as predicted by previous studies Singh et al, 2016; Zheng, 2017; Jiang et al, 2016) . Here, using the smFRET technique, we directly observed the dynamic fluctuations of the Cas9 domains. These fluctuations allow Cas9 to take different conformations besides those previously reported by crystal structures Jiang et al, 2016) . 
MATERIALS AND METHODS
Sample Preparation
Since Cas9 C80L/C574E mutations do not affect the cleavage activity and improve the solution behavior of Cas9 , we used the Cas9 C80L/C574E mutant as wild-type Cas9 in this study. We introduced the mutations into the Cas9 C80L/C574E mutant to prepare D435C-E945C, S355C-S867C and S867C-N1054C.
The Cas9 proteins were prepared as previously described , with minor modifications. Briefly, the Cas9 variants were expressed as His 6 -GST-fusion proteins at 20C in Escherichia coli Rosetta 2 (DE3) (Novagen) and purified by chromatography on Ni-NTA Super flow resin (QIAGEN). The His 6 -GST tag was removed by TEV protease digestion, and the proteins were further purified by chromatography on Ni-NTA, HiTrap SP HP (GE Healthcare), and Superdex 200
Increase (GE Healthcare) columns. The purified Cas9 was stored at −80 C until use.
In Vitro Cleavage Assay
In vitro cleavage experiments were performed as previously described , with minor modifications. A EcoRI-linearized pUC119 plasmid (100 ng, 5 nM)
containing the 20-nt target sequence and the NGG PAM was incubated at 37C for 5 min with the Cas9-sgRNA complex (25 and 50 nM) in 10 μL of reaction buffer containing 20 mM HEPES-NaOH, pH 7.5, 100 mM KCl, 2 mM MgCl 2 , 1 mM DTT, and 5% glycerol. The reaction was stopped by the addition of a solution containing EDTA (40 mM final concentration) and Proteinase K (1 mg/mL). Reaction products were resolved on an ethidium bromide-stained 1% agarose gel and then visualized using an Amersham Imager 600(GE Healthcare).
Preparation of single-guide RNA and a target plasmid DNA
The sgRNA was transcribed in vitro with T7 RNA polymerase using a PCR-amplified DNA template and purified by 10% denaturing (7M urea) PAGE. Target plasmid DNA was amplified in E. coli DH5a strain in LB medium (Nacalai Tesque, Inc., Japan) at 37C overnight. Plasmid DNA was purified using a Midiprep kit (FastGene Xpress Plasmid PLUS Kit, NIPPON Genetics) according to the provider's method. The concentration of purified plasmid DNA was determined based on the absorption at 260 nm using NanoDrop 2000c (Thermo Fisher). The single-guide RNA and plasmid DNA were stored at −80C and −30C until use, respectively.
Fluorescent labeling of Cas9
Cas9 was fluorescently labeled using Cy3-and Cy5-maleimide (GE healthcare) according to a general method. Briefly, the buffer for Cas9 was exchanged into the labeling buffer (20 mM HEPES-KOH pH 7.0, 100 mM KCl, 2 mM MgCl 2 , 5% glycerol) using a spin-gel filtration column (Micro Bio-Spin 30, BioRad). Next, Cas9 Perrin plot to determine the orientation factors.
All fluorescence measurements using the reaction mixture of 100 nM fluorescent Cas9
(D435C-E945C, S355C-S867C and S867C-N1054C with no nucleic acid) in buffer (20 mM HEPES-KOH pH7.5, 100 mM KCl, 2 mM MgCl 2 , 0.5 mM EDTA, 1 mM DTT and a commercial oxygen scavenger system) with or without methyl cellulose (0.001%, 0.01%, 0.1% or 1%) were performed at room temperature using the same fluorescence spectrometer and cuvette described in the above section. The orientation factor  2 was determined as described below according to the previous method (Dale et al, 1979) .
Briefly, the fluorescence anisotropy measurement was performed by manually placing the polarization filters in front of the exciter and detector in the fluorescence spectrometer. For Cy3, the fluorescence intensity was measured at a wavelength of 566 nm by 554 nm excitation, while that of Cy5 was measured at a wavelength of 668 nm by 650 nm excitation. The slit width for emission and excitation was 5 nm, and the integration time was 1 s. Each measurement was repeated three times. Using these fluorescence intensities, fluorescence anisotropy r was calculated as below. Figure 4A ). The transition density plot was visualized using a Python plotting library (Matplotlib; http://matplotlib.org), while the plotted density was clustered into five groups based on the k-means method with k = 5 using the machine learning package for Python (Scikit-learn; http://scikit-learn.org/).
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